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Smectic phaseWaugh- and Silverton-type polyoxometalates (POMs) K3(NH4)3[MnMo9O32] and H8[CeMo12O42] are enwrapped
by dioctadecyldimethylammonium (DODA+) forming the surfactant-encapsulated POMs (SEPs) (DODA)6
[MnMo9O32]·16H2O (DODA-MnMo9) and (DODA)8[CeMo12O42]·9H2O (DODA-CeMo12), which exhibit typical
thermotropic liquid-crystalline properties. Here, the Waugh- and Silverton-type polyoxoanions centered
by metal cation were ﬁrstly introduced into liquid crystal materials. The chemical composition of these SEP
complexes was determined by IR spectra, elemental analysis and TG analysis. Also, the polarized optical
microscopy, differential scanning calorimetry (DSC), variable temperature X-ray diffraction (VT-XRD) and transmis-
sion electron microscopes (TEM) were performed to characterize their liquid-crystalline behavior.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).POMs, as a unique class of nanosizedmetal oxide clusterswith abun-
dant topologies and oxygen-rich surface, have exhibited remarkable
properties in the ﬁeld of catalysis, medicine and optics, etc. [1–6].
Despite the unparalleled success in POM synthetic chemistry [7–12],
the application of POMs in various functional architectures, devices
and materials still requires a progressive step for constructing POM-
based functional systems. To modify the weak compatibility between
POMs and organic solvents, several issues, such as the lowmass transfer
and high lattice energy as well as improving the surface of POMs, need
to be solved. Recently, POM-based functional materials were efﬁciently
prepared by the exchange of counterions with cationic surfactants,
which was regarded as an effective and highly economic procedure for
constructing the POM-based functional materials. In these POM-based
functional materials, the solubility of POMs in regular organic solvents
and the structural stability in diverse chemical environments are effec-
tively improved. Furthermore, the obtained SEPs exhibit enhanced cat-
alytic efﬁciencies with easy and fast catalyst recovery from the reaction
system. In addition, it is possible to predict and control, to some extent,
the structure and functionality of the hybrid materials by selecting the
surfactants and POMs with different physical–chemical properties.
In recent years, the smart self-assembly of surfactants and POMs has
resulted in remarkable nanostructured organic–inorganic hybrid mate-
rials that exhibit attractive prospects in the ﬁeld of catalysis, Langmuir–
Blodgett ﬁlms and dynamic transformations under control of externalang), wangeb889@nenu.edu.cn
. This is an open access article understimulus. Up to date, various morphology self-assemblies and liquid
crystals have been achieved in the POMs/surfactant system [13–21].
Among them, liquid crystals constructed from cationic surfactant and
POMs have attracted much attention. The liquid crystal materials
synthesized in this way has overcome the complex multiple-step syn-
thetic process of the traditional organic liquid crystals. Wu and Dietz
succeeded in introducing the POMs into ammonium or phosphonium
derivatives by the ionic self-assembling route resulting in several SEPs
with characteristic thermotropic liquid-crystalline behavior [22–26].
The giant Mo clusters [Mo132O372(H2O)72(CH3COO)30]42− enwrapped
by cationic surfactants display ionic liquid-crystalline properties [27].
By reasonablemodulation of the surfactant, Faul and coworkers [28] de-
scribed the liquid-crystalline behaviors built from [EuPW5W30O110]12−
and [Eu(SiW9Mo2O39)2]13−. Liu et al. [29] demonstrated that Keggin-
type polyoxoanions enwrapped by tetra-n-octylammoniumcounterions
through ionic self-assembly exhibited thermotropic liquid-crystalline
behavior. Obviously, part of the thermotropic liquid crystals were ob-
tained by using the mesomorphic cationic surfactant to encapsulate
POMs. However, this method cannot be widely adopted because of
its complex multiple-step synthetic process. Besides, these liquid-
crystalline materials are mostly constructed from Keggin-type and
sandwich-type POMs. Herein, the Waugh- and Silverton-type POMs
K3(NH4)3[MnMo9O32] and H8[CeMo12O42], centered by the MnO6
octahedron and CeO12 icosahedron, respectively, were ﬁrstly intro-
duced into the POM/surfactant system to construct thermotropic
liquid-crystalline materials (DODA)6[MnMo9O32] (DODA-MnMo9)
and (DODA)8[CeMo12O42] (DODA-CeMo12) [30–32]. Further, the Cis-
terminal oxygen atoms of MoO6 octahedra were observed in both
K3(NH4)3[MnMo9O32] and H8[CeMo12O42], which are rarely observedthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Fig. 1. Schematic view of the synthesis of DODA-MnMo9 and DODA-CeMo12. (a) K3(NH4)3[MnMo9O32], (b) H8[CeMo12O42], (c) surfactant (DODA+), (d) DODA-MnMo9 and (e) DODA-CeMo12.
Fig. 2. (a) DSC curves of DODA-MnMo9 during its ﬁrst cooling and second heating process; (b) DSC curves of DODA-CeMo12 during its ﬁrst cooling and second heating process.
Table 1
The phase transition temperatures, enthalpies and assignments of the phase transition for
DODA-MnMo9 and DODA-CeMo12, S = Solid, S1= Solid 1, S2= Solid 2, SmA= Smectic
A, SmX = Smectic X, Iso = isotropic phase; the data were given on its second heating
process.
Compound Transition Temperature/°C ΔH/kJ mol−1
DODA-MnMo9 S1–S2 31 140.5
S2–SmA 49 160.7
SmA–Iso 148 —
DODA-CeMo12 S–SmX 50 182.7
SmX–Iso 137 —
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These studies are of signiﬁcance because they will offer opportunities
for introducing new POMs into the SEPs system for constructing
functional liquid crystal materials (Fig. 1).
DODA-MnMo9 and DODA-CeMo12 were synthesized by a straight-
forward ion exchange reaction, respectively. The phase transitions
of DODA-MnMo9 were determined by DSC during its ﬁrst cooling and
second heating cycles. As shown in Fig. 2a, DODA-MnMo9 displays
three phase transitions at 31 °C, 49 °C and 148 °C during its second
heating.We notice a halo with a peak at 65 °C, but the present evidence
cannot further indentify the transition exactly. Upon cooling, three tran-
sitions were observed at 126 °C, 43 °C and 24 °C, respectively. The peak
at 31 °C during the second heating process should be assigned to the
transition between two kinds of solids, and the VT-XRD results could
further conﬁrm the transition [22]. The peak that appeared at 49 °C
can be attributed to the transition from solid state to mesophase; the
broad peak at 148 °C corresponds to the transition between liquid crys-
tal phase and isotropic phase. Fig. 2b displays two transitions of DODA-
CeMo12 during its ﬁrst cooling and second heating process. Upon its
second heating run, DODA-CeMo12 displays an endothermic halo from
40 °C to 55 °C with the apex at 50 °C, which can be attributed to the
transition between the solid state and the liquid crystal phase. With
the increase of the temperature, the transition from liquid crystal
phase to isotropic phase can be observed at 137 °C. When DODA-
CeMo12 was cooled from its isotropic phase, the transition of isotropic
phase to liquid crystal phase can be seen at 126 °C. On further cooling,
the halo from 52 °C to 32 °C with the peak at 43 °C can be assigned tothe transition between liquid crystal phase and solid state. The phase
transition temperature, enthalpies and assignments of the transition be-
tween different states of DODA-MnMo9 and DODA-CeMo12 are summa-
rized in Table 1. Polarizing optical microscopy was employed to identify
the liquid crystal phases of DODA-MnMo9 and DODA-CeMo12. During
the cooling process from isotropic phase, we observed clear liquid bire-
fringence phenomenon of DODA-MnMo9 with fan-shaped textures
at 95 °C (Fig. 3a). For DODA-CeMo12, the phenomenon of liquid birefrin-
gence is clearly observed at 90 °C during its cooling process with a grain
texture, although the optical texture is not typical (Fig. 3b).
TEM was employed to conﬁrm the lamellae structures of DODA-
MnMo9 and DODA-CeMo12 at room temperature. Fig. 4a shows the
lamellar structure of DODA-MnMo9, and the spacing between two
layers is approximately 4.2 ± 0.3 nm. For DODA-CeMo12 (Fig. 4b), the
layer distance is estimated to 4.0 ± 0.3 nm. VT-XRD was employed to
Fig. 3. (a) The optical textures of DODA-MnMo9 at 95 °C during its ﬁrst cooling processes (100×); (b) the optical textures of DODA-CeMo12 at 90 °C during its ﬁrst cooling process.
Fig. 4. (a) TEM of DODA-MnMo9 at room temperature; (b) TEM of DODA-CeMo12 at room temperature.
Fig. 5. (a) The VT-XRD of DODA-MnMo9 at 25 °C, 40 °C and 90 °C; (b) the VT-XRD of DODA-CeMo12 at 25 °C and 100 °C.
Table 2
Layer spacings (d) of DODA-MnMo9 andDODA-CeMo12 calculated fromX-ray diffractions.
Compound T (°C) d001 (Å) d002 (Å) d003 (Å)
DODA-MnMo9 25 45.3 22.7 15.4
40 36.7 18.7 12.4
90 31.5 16.1
DODA-CeMo12 25 43.2 22.1 14.7
100 36.4 18.7 12.6
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and DODA-CeMo12. From Fig. 5a, it can be concluded that DODA-
MnMo9 in its solid state exhibits the layer structure at room tempera-
ture according to the three equidistant diffractions in the small-angle
region, and the layer distance is 4.53 nm, which is in accordance with
the layer distance estimated from TEM at room temperature. When
the temperature increases to 40 °C, we can clearly see the equidistant
diffractions in the small-angle region and several sharp peaks in the
wide-angle region. This heating process leads to a solid–solid transition
as the layer distance decreases to 3.67 nm. These results could further
conﬁrm the transition between two solids observed from the DSC.
With the increase of temperature, the equidistant diffractions were
clearly observed in the small-angle region as well as a broad halo in
thewide-angle region centered at 2θ≈ 20°, which indicated the forma-
tion of typical lamellar structure, and the distance between the two
neighboring layers is 3.15 nm. Combining the fan-shaped textures, thephase can be identiﬁed as SmA phase. Fig. 5b shows the VT-XRD results
of DODA-CeMo12 at 25 °C and 100 °C. The equidistant peaks in the low-
angle region of the diffraction pattern illustrate the layered structure of
DODA-CeMo12 both in its solid state and liquid crystal phase. The
lamellar structure in its liquid crystal phase indicates the formation of
a smectic X phase [23].
Fig. 6. (a) Schematic drawing of packing model of DODA-MnMo9 at liquid crystal state; (b) Schematic drawing of packing model of DODA-CeMo12 at liquid crystal state.
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is listed in Table 2. In fact, the diameter of anion [MnMo9]6− is about
0.7 nm, the normal length of DODA+ is 2.25 nm, the ideal thickness
of a single complex should be 5.2 nm. The measured layer distance
of DODA-MnMo9 in itsmesophase is shorter than the theoreticalmolec-
ular length, indicating that the molecules in the mesophase are partly
interdigitated or tilted [24,25]. For DODA-CeMo12, the layer distance
(3.64 nm) calculated from the VT-XRD at 100 °C is not consistent
with the theoretical layer 5.4 nm (the diameter of [CeMo12O42] is
0.9 nm), which also indicates the molecules in DODA-CeMo12 are inter-
digitated or titled in its liquid crystal phase. Possible packing structures
of DODA-MnMo9 and DODA-CeMo12 are shown in Fig. 6a and b,
respectively.
In summary, a simple surfactant DODA+ was used to encapsulate
metal-centered POMs (Waugh- and Silverton-type POMs), resulting
in two SEPs complexes. The Waugh- and Silverton-type POMs with
metal cation as their heteroatoms were ﬁrstly introduced into the
POMs/surfactant system, and the obtained SEP materials exhibited
thermotropic liquid crystal behaviors. The results of polarized optical
microscopy, VT-XRD and DSC reveal the smectic mesomorphic behav-
iors of DODA-MnMo9 and DODA-CeMo12 in a relatively wide tempera-
ture range. Compared with the thermotropic liquid crystal materials
built from Keggin-type POMs and cationic surfactant [29], DODA-
CeMo12 shows reversible phase transitions during their ﬁrst heating
and second heating cycles, and the smectic-type phase of Keggin-type
POMs liquid crystal materials is more structurally ordered than
the SmA phase of DODA-MnMo9. The research on thermotropic liquid-
crystalline properties of these materials will provide access for con-
structing new POMs-based functional materials.
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